The feasibility of light microscopic post-embedding immunocytochemistry for morphometry of peroxisomes using automatic image analysis was investigated and compared with the classical alkaline DAB method. Perfusion-ftued rat liver tissue was either embedded in LR White or incubated in the alkaline diaminobenzidine (DAB) medium for cytochemical visualization of catalase. Sections from the LR Whiteembedded material were incubated with a monospecific antibody against catalase, followed by protein A-gold and silver intensification. Determination of peroxisomal volume density in sections of different thickness revealed that the values increased with section thickness in DAB-stained sections but were unaffected in immunostained preparations. Moreover, the absolute value for volume density of peroxisomes, as determined by light miaompy in immunostained
Introduction
Morphometric analysis is an essential step in assessment of proliferation of peroxisomes induced by various xenobiotics (Berge et al., 1989; Kerckaert et al., 1989; Hertz et al., 1988; Reddy and Lalwani, 1983; Fahimi et al., 1982; Flatmark et al., 1981; Moody and Reddy, 1976) . We showed recently that cytochemical staining of peroxisomes with the alkaline DAB method would render them detectable by a television-based image analyzer, thus facilitating their quantitation (Beier and Fahimi, 1986) . In particular, direct image analysis of routine light microscopic sections from DABstained material provides a fast, economical, and sufficiently reliable screening system (Beier and Fahimi, 1987) . However, an important problem that interferes with accurate determination of morphometric values in DAB-stained peroxisomes by light microscopy is caused by the section thickness, which is relatively large (0.25-1 pm) in comparison with the peroxisomal diameter (200-500 nm). As stated by Weibel (1979) , however, the basic stereological for-' Supported by grants from the Deutsche Forschungsgemeinschaft * Correspondence to: Institut fur Anatomie und Zellbiologie 11, Im (V031713-3) and LFSP of the State of Baden-Wiirttemberg, FRG.
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sections, was quite close to the value obtained by analysis of electron microscopic preparations. Finally, morphometric analysis of bezafibrate-induced peroxisome proliferation revealed that the ratio of proliferation obtained by light microscopy in immunostained sections was very close to the results obtained by electron microscopic morphometry. The main advantage of post-embedding immunoStaining for light microscopic morphometry is that it restricts the immunocytochemical reaction product to the surface of the section, thus making it independent of section thickness. mulas are valid only for measurements from true section planes implying that the thicker the slice the greater is the amount of enclosed components projected onto the observation plane, and accordingly the greater the error in estimating their morphometric parameters. This error, first recognized by Holmes (1927) , can be partially corrected by the use of correction formulas (Weibel, 1979; Hennig, 1956) , which in turn requires an exact determination of section thickness and peroxisomal diameter. An additional problem resulting from section thickness is that of overlapping of peroxisomes into the projection plane, which increases not only with the section thickness but also with the numerical density of peroxisomes. The latter effect is particularly disturbing in studies of peroxisomal proliferation and leads to an underestimation of the proliferation (Beier and Fahimi, 1987) .
In addition to the alkaline DAB method, peroxisomes in light microscopic sections can be selectively stained by post-embedding immunocytochemistry (Beier et al., 1988; Litwin et al., 1984) . Since in immunocytochemical preparations of resin-embedded tissue the reaction product is deposited on the surface of tissue sections (Bendayan, 1984; Roth, 1982) , it is expected that the section thickness has little if any influence on the morphometric results in such preparations.
In this study the usefulness of both methods for selective stain-116 BEIER ing of peroxisomes for morphometry was compared and the feasibility and the precision of using immunostained sections for light microscopic morphometric analysis of peroxisome proliferation was investigated.
Materials and Methods
Treatment of Animals. Female Sprague-Dawley rats, weighing 175-200 g, were kept on a normal laboratory diet and water ad libitum. For 7 days they received via gastric tube 250 mgikglday bezafibrate (courtesy of Boehringer, Mannheim, FRG) dissolved in methyl cellulose. The controls received the same amount of methyl cellulose without bezafibrate. Animals were fasted overnight before sacrifice.
Tissue Treatment. The liver was fixed by perfusion through the portal vein with a fixative containing 0.25% glutaraldehyde and 0.05% CaC12 in 0.1 M sodium cacodylate buffer, pH 7.2. The tissue was cut into 70-pm sections using an Oxford vibratome. One part was embedded directly in LR White; the other part was incubated in alkaline diaminobenzidine (DAB) medium for cytochemical visualization of catalase (Fahimi, 1969) , as recently modified (Angermuller and Fahimi, 1981) , and embedded in Epon. Sections from the LR White-embedded material were incubated for 18 hr with an antibody against catalase, followed by a 1-hr incubation with protein A-gold (12-nm gold particles) and intensification with silver (Hacker et al., 1988) . The monospecificity of the antibody was demonstrated in a previous study (Beier et al., 1988) . For demonstration of the depth of the staining, some sections were re-embedded and sectioned perpendicularly, and examined by electron microscopy.
Morphometry. Volume density of peroxisomes was determined in sections processed by all three methods of tissue preparation: (a) electron microscopic sections from DAB-stained material; (b) light microscopic sections from DAB-stained material; and (c) post-embedding immunostained light microscopic sections. For analysis an automatic image analyzer (TAS, Leitz Wetzlar) was used a described recently Fahimi, 1986,1987) .
Electron Microscopy. Ultra-thin sections were made from DAB-incubated tissue and counterstained with lead citrate. Electron micrographs were taken randomly at a magnification of x3900 on 35-mm film and the volume density of peroxisomes was determined by TAS.
Light Microscopy. Sections from DAB-stained material and sections with post-embedding immunostained peroxisomes were analyzed directly by TAS combined with a light microscopy as recently described (Beier and Fahimi, 1987) . The values were not corrected for section thickness.
Peroxisome proliferation induced by bezafibrate was determined by analysis of all three types of tissue preparation methods, and the ratios of proliferation (values from treated animals to controls) were calculated for results from each of the three preparation methods. For comparison of the results obtained from the different section types, four controls and four bezafibratetreated animals were analyzed. For statistical analysis Duncan's multiplerange test was used.
Results
Rat liver sections of different thicknesses (0.25, 1, and 2 vm) with DAB-stained peroxisomes, and post-embedding immunostained peroxisomes for catalase, are shown side by side in Figure 1 . Peroxisomes appeared as black particles distributed randomly in the cytoplasm. Whereas in DAB-stained sections the number of peroxisomes increased with the section thickness, it appeared unchanged in post-embedding immunostained sections. These impressions were confirmed by the results of morphometric analysis (Figure 2 ), which show that the peroxisomal volume density measured in DAB-stained sections is directly dependent on the section thickness, whereas results from immunocytochemical stained preparations are totally independent of it. Figure 3 shows electron micrographs from reembedded and perpendicularly cut sections with DAB-stained and post-embedding immunostained peroxisomes. Whereas in the DAB preparation peroxisomes were stained throughout the entire thickness of the section ( Figure 3A) , in the post-embedding immunostained preparation only those peroxisomes located on the surface of the section were labeled with the gold particles ( Figure 3B ). Thus, in the latter case the observation plane contained only peroxisomes sectioned by a true section plane with infinite thickness, whereas in the former case all peroxisomes in the entire section were projected onto the observation plane. The selectivity of immunostaining for peroxisomal catalase is shown in Figure 4 . The gold particles selectively covered the peroxisomal matrix area, excluding the core which exhibited only slight background labeling. It should be noted that the gold particles, which had an original size of 12 nm, increased in size to about 60 nm after the silver enhancement procedure. Such enlarged gold particles almost completely covered the peroxisomal matrix, with only minimal extension beyond the membrane (Figure 4) . The volume density of peroxisomes in normal rat liver, as determined by morphometric analysis of light microscopic DABstained and immunostained sections, are compared with results from electron microscopic morphometry in Table 1 . The results obtained from the three types of tissue preparation showed significant variations from each other. Whereas the value obtained by light microscopy in DAB-stained sections was almost four times higher than the result of electron microscopic morphometry, the volume density in immunostained preparations was much closer to the electron microscopic results.
Morphometric Assessment of Peroxisome Pro& ration
Light microscopic sections from normal control rats and bezafibratetreated animals with peroxisomes selectively stained by the DAB method ( Figures 5A and 5B) or by post-embedding immunocytochemistry ( Figures 5C and 5D ) showed distinct proliferation of peroxisomes after treatment with bezafibrate. Significant @<> %) increase of peroxisomal volume density after bezafibrate treatment could be detected by analysis of all three preparative methods. The determined ratio of proliferation, however, showed distinct variations ( Table 2) : The proliferation determined from immunostained sections was quite close to the results of electron microscopic morphometry (no significant difference). In contrast, the ratio obtained from DAB-stained light microscopic sections was significantly lower @<5%).
Discussion
The observations reported here indicate that the morphometric results from light microscopic immunostained sections are much closer to those obtained by electron microscopic morphometry than to the results from light microscopic DAB-stained sections. In postembedding immunostained resin sections the labeling is exclusively confined to the section surface (Bendayan, 1984; Roth, 1982) Immunostaining Light microscopy 0.02 f 0.001 a The volumc density in electron microscopic sections (40-nm thickness) and light microscopic sections (1-pm thickness) of DAB-stained preparations was analyzed and the results were compared with data from post-embedding immunostained light microscopic sections (1-vm thickness). All measurcmcnts were derived from thc samc rat liver tissue and the values are not corrected for section thickness. The results of all three methods of measurement vary significantly from each other (p<S%). . .. generating a true section plane with infinite thickness, which fulfills a basic requirement of stereology (Weibel, 1979) . Indeed, the morphometric analysis of peroxisomes stained by post-embedding immunocytochemistry showed that the results were not influenced by section thickness. The overestimation of the volume density of peroxisomes in immunostained sections may be caused by background staining or could be due to the enlargement of gold particles by silver enhancement which is necessary for light microscopic visualization and could enlarge the peroxisomes beyond their boundaries. As revealed by electron microscopy, however, this extension beyond the limiting membrane of peroxisomes is negligible (Figure 4) .
Table 2. Peroxirome proliferation after bezafibrate treatment expressed by the ratio of peroxisomal volume densities in treated animals to controls: compariron between analysis of DAB-stained (electron microscopy and light microscopy) and immunostained (liRht microscopy) preparations
We have shown previously (Beier and Fahimi, 1987 ) that for assessment of peroxisome proliferation the analysis of light microscopic DAB sections by automatic image analysis provides a highly efficient approach. Its application, however, is markedly restricted because of the problem of section thickness. Whereas in normal control animals the effect of section thickness can be partially corrected (Weibel, 1979; Hennig, 1956) , the magnitude of peroxisome proliferation is usually underestimated because of the increased overlapping of peroxisomes (Beier and Fahimi, 1987) . In postembedding immunostained sections this problem does not exist. Indeed, the analysis of post-embedding immunostained light microscopic sections (Table 2) yielded a ratio of peroxisome proliferation that showed no significant variation from that obtained from electron microscopic sections. The overestimation of the absolute values, as discussed above, obviously affects sections from controls and treated animals to the same extent and therefore plays no role in the determined ratio of proliferation.
An important prerequisite for comparative morphometry of immunostained peroxisomes is the uniform treatment of all sections in the course of immunostaining. The results of immunolabeling depend on many variables, such as the quality of the specific antibody, the protein A-gold preparation, and the conditions of silver enhancement. Therefore, sections from controls and treated animals should be incubated simultaneously under identical conditions with the same dilutions of the antibody, protein A-gold, and silver enhancement.
Another aspect of immunostaining of peroxisomes requires special attention. The enzyme composition of peroxisomes has been shown to be altered in proliferated peroxisomes (Beier et al., 1988; Keller et al., 1986; Bendayan and Reddy, 1982; Leighton et al., 1975) . If an antibody against a single peroxisomal enzyme is used for immunostaining, the staining intensity may be affected by modulations of the concentration of this enzyme in proliferated peroxisomes. In the present study an antibody against catalase was used. Quantitative analysis of immunogold labeling on electron microscopic sections (Beier et al., 1988) has revealed that the catalase content of peroxisomes after bezafibrate treatment, using the same experimental conditions, was reduced to 84% of the control value. Indeed, the staining intensity of immunostained peroxisomes from bezafibrate-treated animals appears to be slightly lower than that of control animals ( Figure 5) . Peroxisome proliferation determined from immunostained light microscopic sections, however, was not underestimated if compared with results from electron microscopic sections. This finding strongly suggests that at least small modulations (about 20%) of the immunostained protein do not have any influence on the morphometric results. However, if such modulations are more drastic they could cause under-or overestimation of the volume density. The use of a mixture of antibodies against several different peroxisomal proteins may be helpful in overcoming this problem (Beier and Volkl, manuscript preparation) .
In conclusion, the present study has established that postembedding immunostaining of peroxisomes in conjunction with light microscopic automatic image analysis provides a fast and efficient method for assessment of peroxisome proliferation, which is superior to the use of DAB-stained sections described earlier (Beier and Fahimi, 1987) .
